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Abstract: A mathematical model for nonlinear loads, that contains, in its design, a switching power
supply is presented. The model was tested in home appliances operating in a Direct Current Home
Nanogrid (DCHN). Compact Fluorescent Lamps (CFLs) and LED lamps were used as nonlinear loads
to study, through the model, the experimental results in the profile of ripple in voltage and current of
the lamps. The profile of ripples, due to the home appliances, could be explained by the model, even
in the simultaneous operation of two loads. Additionally, the effect of decreasing the ripple amplitude
when an induction stove in standby mode was incorporated with the DCHN was analyzed.

Keywords: DC nanogrid; standby consumption; mathematical model; nonlinear loads; DC home
appliances; distortion harmonic

1. Introduction

It is well known that nanogrids are the basic elements of more complex systems, such
as microgrids or power systems, which are important to obtain real electric distributed
systems. Currently, the importance of a home nanogrid arises from its facility to incorporate
electric energy generation systems by means of Renewable Energy Sources (RES), to reduce
the energy conversion stages, and to avoid synchronization problems, among others [1].
In the same way, incorporating an energy storage sector into a home nanogrid is very
important in diminishing dependence on the network energy. This is crucial in rural areas,
where access to the grid is limited [2—4]. The benefits that a DCHN presents are, among
others, performance, simplicity of control and efficiency. The usage of DCHN has been
rather poor, due to the absence of DC home appliances and the heavy presence of AC
home appliances in the local market, many of which can also operate with DC voltage [3].
The common uses of appliances in a DCHN are, for example, cooking food, lighting,
refrigeration or communication [5]. It is well known that CFL and LED lamps, and other
home appliances, which we refer to as loads, are associated with the voltage and current
distortion in AC systems [6,7]. The noise emission and pollution into the grid is related
to the operation of high efficiency appliances in the nanogrid, which are emitted by their
switching power supplies (SPSs) [8].

The resulting electrical behavior of these appliances is nonlinear and much effort has
been made to understand and model them. There exist a lot of studies in the literature on
models that use predefined blocks in labview or mathlab/symulink, which are based on
knowledge of their internal components [9-14]. However, this knowledge is not necessary,
as shown in [15], but, to complement simulation, measurements of some parameters in the
model are required. There are many studies in the literature focused on how to diminish
the distortion waveform, also called harmonics, produced by nonlinear loads in AC sys-
tems [16,17]. Similarly, in DC systems the harmonics are present as voltage and current
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ripples. The development of Electromagnetic Interference Filter (EMI) provides a solution
typical to AC systems [5,18,19] to diminish the intensity of harmonics. Nevertheless, the
used filters consume energy, even in the state denominated as standby mode, which occurs
when the home appliance in question spends energy without doing any real work.

On the other hand, in the case of the DCHN, little attention has been paid to the
behavior of appliances and their modeling. Instead of studying the components and effects
of the SPS, as part of an analysis of a DCHN, we are interested in comprehending the
behavior of the voltage and current in the system. These are altered by the harmonics
produced by the SPS in the appliances or other electric devices. A model, highlighting the
behavior of nonlinear loads, regardless of the number, or kind, of appliances connected to
the grid, could be useful in the design of more efficient energy storage systems, monitoring
systems or wiring in the DCHN. In this paper, we propose a simple model for nonlinear
loads, based upon the switching mode of an SPS. This model is quite general, and, as matter
of fact, could be applicable to describe the nonlinear resistance behavior of any electric
device containing, as a part of its design, an SPS sector. Nevertheless, in this paper, we
only focus on discussing the application of the model in appliances in a DCHN and its
simultaneous operation. The advantage of the model proposed consists in avoiding the use
of Fourier series and it allows, in a rather simple way, the analysis of the corresponding
circuit. Differing from other proposed models, in this proposal knowledge of the internal
components of the device under consideration is not required.

An outline of this paper is as follows. In Section 2 we present the mathematical
model for the nonlinear load. The mathematical model takes different theoretical values
in Section 3 . In Section 4 the results of the experimental measurements are presented.
In Section 5 we discuss the experimental data and compare the data with the numerical
simulations. Finally, in Section 6 the conclusions are provided.

2. Mathematical Model

A general model for nonlinear loads operating on DC, where the internal components
are, in principle, unknown is presented in this section. Although the motivation for
constructing the model was based on home appliances in a DCHN, the possible applicability
of the model is wide, since it is elaborated on basic principles and the assumption that the
device in question has an SPS in its inner part. Let us first recall that nonlinear behavior
is commonly described by resorting to continuous periodical functions, which allow the
experimental data to be explained. For example, in the design of a DCHN, it is crucial
to identify and characterize each component in the different sectors of the system. In
the energy storage sector, a simple model for the batteries is established by the function
Vpat (t) = V; where V; is a constant value. In the loads sector, it is usual to model the loads
as linear, given by simple resistances, such as R(t) = Ry, and R being a constant. The home
appliances that are used in a DCHN are of high efficiency and employ SPS with low energy
consumption. As was previously mentioned, these appliances have nonlinear behavior and
must be considered as nonlinear loads. Thus, the appliances cannot be represented simply
by a constant function Ry, and it is necessary for the model to contain and reproduce the
electrical parameters of the appliance in the DCHN. This can be carried out through a
mathematical description of nonlinear loads in a simple equivalent circuit.

For example, the AC voltage supplies are described by the function V (t) = Vj, sin(wt)
where V;, is the amplitude of the voltage and w is the frequency. This simple model is used
to determine other parameters, such as the impedance Z, without the previous knowledge
of the AC generator engine.

The buck and booster converter are used in appliances. The effect on energy con-
sumption of these converters is minimal. However, due to switching, they emit noise into
the system. A buck converter, that includes an EMI filter, is represented in the circuit of
Figure 1. The mode of operation of this circuit is as follows. At time, Torr, the circuit is
opened and the EMI filter components are fed, which are directly connected to the A and B
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nodes. At time Tpy (see Figure 2) the transistor feeds the LCR circuit, which maintains a
constant voltage Vj at Rg.

b1

EMI
vd Filter Cf T

sm

Torr Ton

Figure 1. Buck converter.
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Figure 2. Switching circuit.

In order to model the nonlinear load, we propose a function R(t) that replaces the
nonlinear load at the A and B terminals, resulting in the simple configuration shown in
Figure 3. In other words, this model represents the equivalent circuit after the storage
sector, which could be seen as the nonlinear load R(t). Notice that the switching effect of
the transistor is included.

@
A

=vd  R(t)

B
@

Figure 3. Nonlinear load R(t) incorporated into the DCHN.

The voltage obtained at the A’ and B’ nodes of Figure 2, due to the effect of the
transistor over the supply Vp, is given by the function:

Vi, 0<t<Ton

Volt) = { 0, Ton <t <Torr, @

where V; is the voltage of the battery. Another important aspect to be considered is the
current I(t). According to Ohm’s law, I(t) is obtained as:

Ve <t<
I(t)={ Ko D=t=Ton @
0, Ton <t<Torr
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where R denotes the resistance of the load. Since the voltage in the Equation (1), as a
function of the time ¢, is periodical, it is possible to expand it in Fourier series

) 1 bsin ), 3)

a [ee)
Vo(t) = EO + Z[ah cos(
h=1

where T is the switching period, and the various coefficients in the series are obtained in the
usual way. In a similar manner, the current I(f) in the Equation (2) can also be expanded as
a Fourier series.

Let us consider Figure 2 again. The voltage between the nodes A and B is V; = Cte.
However, due to the switching effect of the transistor and R between these nodes, there is
an equivalent, time-dependent, resistance that can be described as:

4)

R(t) _ { RO/ ifo<t< TON/
oo, if Toy <t < Torr.
Notice that the time interval Ton < t < Topr represents an open circuit state, while in
the time interval 0 < t < Tpy the circuit is switched on and the current is still described
by the Equation (2). Thus, the effect of the transistor plus Ry is a simple equivalent circuit,
shown in Figure 3, with R(t) given in the Equation (4). This model represents the nonlinear
load we referred to in the introduction.
On the other hand, instead of using R(t), and to avoid dealing with the infinity
resistance in the corresponding interval of time, we may use, equivalently, the reciprocal
function, namely, the conductance G;(t) given by:

if0 <t < Ton

1
t) = Ro”
Gs(t) { 0, if Ton <t < Topr. ©)

Since Gs(t) is also a periodic function, it can be represented as a Fourier series. How-
ever, in order to circumvent cumbersome calculations involved in the Fourier expansion, we
look for simplicity and propose a simple form describing the behavior of the conductance
Gs(t). We tested different functions to model the conductance and found that the periodic
functions adjust well to the experimental behavior (and are given in the Equation (5)). An
economical proposal to the function Gg(t) is:

G(t) = Gyl sin(wt)|" = Gy[sin(7fst)|", (6)

where f; is the switching frequency, G;, is the amplitude,  is the parameter to be determined,
and w = %, being w; the angular switching frequency. Notice that as n increases, Toy
decreases in an inverse proportion. Actually, what we want to do is satisfy the fact that
the area of the step function A, be contained in the area A, sustained by the function G(¢),
shown in Figure 4. A basic condition for the Equation (6) is:

=T Ton
G(t)dt = —/—, 7
|, Gl = %

that, for a n given, it gives the amplitude G;,. Equivalently, this relation can be expressed in
terms of the time average:

1 %
<G> = i/o G(t)dt
- = ®
where D = Ton /T is the duty cycle. Thus, from (8), we obtain:
2122"D
Gy =2 ©)

l’l!RO !
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where we used G in Equation (6). Notice that Equation (8) defines the values of G;. In
order to get the value of the coefficient 11, we used the Newton—Raphson method in the
Equation (6). We obtain:

_ tan((2—-D)7%)

n=-——pr— (10)

1
Notice that a cosine function can also be used; however, we prefer the sine function
because it gives the proper initial conditions. In the next section we implement (6) in a
practical circuit, subject to different conditions.

G(t)
Gp
Ac
1
Ro
Ar
° Ton Toff ! t

Figure 4. The duty cycle for the nonlinear load G(t).
The Model at Work

In order to obtain stability on microgrids, one looks for control of voltage and current
to be as simple as possible in each DCHN [20,21]. However, due to the nonlinear behavior
of the loads incorporated in the DCHN, the analysis of the electric parameters in the grid is
difficult. There are several models in the literature that tackle this issue [22-24]. On the
other hand, an SPS presents periodic behavior, in which the time Tpy corresponds to the
maximal energy consumption, named the duty cycle D, while the time Torr occurs when
the energy consumption is minimal, being Ts; = Ton + Torr the period of the system. Thus,
the switching frequency is ws = 271/ T;. Let us perform an analysis of the nonlinear loads
by considering them as black boxes. The batteries set is represented with the supply V; that
feeds voltage to the DCHN. To find out the behavior of voltage and current in the presence
of G(t), we took the behavior of the battery V; to be ideal. This allowed us to model an
energy storage system in a simple manner. The resulting schematic circuit is a GC type,
analogous to a RC circuit, shown in Figure 5a.

Rs A
-
Vy G(t)
-
B
(a) (b)

Figure 5. Configuration. (a) Battery model. (b) EMI filter.
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In this case, the resistance R; models the internal resistance in the battery and other
possible resistances, such as those resulting from the wiring. The battery feeds the circuit
with a constant voltage V;. The instantaneous current at the battery Ip,;; can be calculated
by Ohm’s law as:

G(t)Va
Ipogt = —~———. 11
P G(HRs +1 an
The voltage V4p, between nodes A and B is given by:
Vi
Vap = =——75—. 12
4B =GR, 11 (12)
Thus, the instantaneous load power Pg(t) is:
G(tVv?
Po(t) = Vap(t)Ipt(t) = =75 1
G( ) AB( ) Bat( ) (G(t)RS+1)2 ( 3)
Additionally, we can obtain the battery power Ppy(t):
G(t)V?
P (t) = =—<5—"2—. 14

On the other hand, in order to reduce the voltage ripple in V43, it is common to use
an EMI filter that can be composed of only one capacitor C. This allowed us to consider a
circuit configuration, such as the shown in Figure 5b.
In this case, by applying Kirchhoff’s laws to this circuit, the voltage in the capacitor is
given by:
aVe  Ve(RsG(t) +1) Vi

dr R.C RC &
which has an analytical solution as:
RsG(t)+1 RsG(t)+1
Velt) = e TERER AL [ SR a1y, (16)
S

where C; is the integration constant, which can be determined by giving the voltage at the
initial time. For this configuration, the battery current results in:

Ipat(t) = W_T‘Sm- (17)

Additionally, the power supplied by the battery is given by:

VZ
Ppa(t) = R%ﬂ - Vi/(dt) )- (18)

In order to carry out numerical simulations, we used the Runge—Kutta fourth-order method
and assessed the individual operation of the G (t) and G, (t) loads with different values for the
D, Ry, C and f; parameters. We considered the initial condition for the voltage V;(0) = 124V
DC due to the nominal voltage of the our DCHN [25], and a value for R of 2 (). Both loads
were incorporated in the circuits of Figure 5a,b, and their parameters are presented in Table 1.
Finally, the numerical results for the voltage and current waveform are shown in Figures 6-9. In
these figures, GC;, i = 1,2 stands for the presence of the capacitor C (EMI filter) and G; without
the capacitor in the circuit under analysis.



Table 1. Values of the parameters.

Parameter Casel Case II Case III Case IV
Gi(t)
Fs 40 KHz 40 KHz 40 KHz 40 KHz
G 30 uF 3 uF 30 uF 30 uF
Dy 0.4 0.4 0.32 0.4
Ro1 80 18 Q) 18 Q) 18 Q)
Ga(t)
Fs 40 KHz 40 KHz 40 KHz 38 KHz
G 30 uF 30 uF 30 uF 30 uF
D, 0.4 0.4 0.4 0.4
Rop 18 O 18 O 18 O 18 Q)
Current Figure 6a Figure 7a Figure 8a Figure 9a
Voltage Figure 6b Figure 7b Figure 8b Figure 9b

(@)

(@)

Figure 7. Case II. (a) Battery current

—
w
bl ——
S ————————
°
kS —

urrent. (b) Voltage Vp.

=
@
=
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. (b) Voltage V4p.
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Figure 8. Case III. (a) Battery current. (b) Voltage Vp.
V T
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Time (ms) Time (ms)
(a) (b)

Figure 9. Case IV. (a) Battery current. (b) Voltage Vp.
3. Analysis of the Model

In a DCHN the simultaneous operation of two or more loads is common; for example,
two or more LED lamps or a TV set and induction stove. However, the simultaneous
operation of nonlinear loads in a DCHN leads to a more complex analysis, since previous
knowledge of the internal components is necessary. In fact, each load is characterized by
its own parameters of operation, such as the switching frequency, duty cycle, etc. We con-
sidered these parameters to carry out the analysis for two loads operating simultaneously.
The features of each load can be different, such as in Figure 10. In this case, the energy
store system fed the loads R;(f) and Ry(t), the conductances of which were G;(t) and
G (t), respectively. In these resistances, there were currents I (f) and I (t). According to

Kirchhoff’s laws, we could read off the following equations:

Va(t) = Vg, = Ve(t) = Vi(t) = Va(t),
Ipat(t) = Ic+h+1D,
I, (t) = Vc(t)(Gi(t) +Ga(t)),
= Vcceq(t).

where we defined an equivalent conductance G, (t) for this configuration as:

Geg(t) = Gi(t) + Ga(t).

(19)
(20)
(21)
(22)

(23)
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Ri(t) | |Ra(t)
B

e

Figure 10. Two nonlinear loads R(t) operating simultaneously.

An illustration of this is shown in Figure 11. Let us mention that this model allows the
possibility of a conductance with a dephasing ¢, which, in practical results, is important. In
the first place, we again considered G,;, shown in Figure 10, for which we took the phase
¢1 for Gy, and ¢, for Gy:

Geg, (t) = Gy, sin" (f, 71t + 1) + Gy, sin" (f, 7t + ¢2). (24)
6t

|

Gtotal (t) H ‘\

0 4 Time k \ t
Figure 11. The equivalent conductance G, (t).

Indeed, from (24) we obtained the numerical solution for the voltage in (15) by using
the equivalent conductance. The simultaneous operation of the two loads with different
frequencies is shown in Figure 12b. Let us consider the following parameters: load Gy (t)
having fs, = 40 KHz, D; = 0.5, Ry, = 430 O, ¢; = 0, and for load G,(t): fs, = 40 KHz,
Dy = 0.9, Rp, = 3900 O}, and ¢, = %T. In Figure 13 the voltage for each of the loads and
the voltage in G, are shown, considering individual and simultaneous operations, and for
both cases we use C = 30 uF. In the next section, both the distortion waveform, when AC
lighting devices are operating inside the DCHN, and the attenuation of the ripple, due the
operation of the induction stove in stand by mode, are described.

As was mentioned, our model for nonlinear loads is so general that it could describe
the nonlinear resistance behavior presented by any electric device that has an SPS as
part of its design. Let us now present an analysis of our model applied to appliances
in a DCHN, and compare the consequences with the respective results presented in the
previous section. In order to describe the behavior of the SPS shown in Figure 2, we used
the mathematical model in the Equation (6). The physical situation was characterized by a
periodic conductance similar to the Equation (5), in which each of the periods intended to
achieve an average conductance defined by the Equation (7). The former was used as an
equivalent model of the circuit presented in Figure 3; the behavior of the conductance is
shown in Figure 4.
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Figure 12. Simultaneous operation of the loads. (a) Voltage Vg, for Geg. (b) F5; = 40 KHz, Fs,= 26 KHz.
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G1 — Gy — Geq —
Vag (Vpc)
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123.9
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Figure 13. Voltage V43 for a dephasing ¢=47/9 KHz.

The mathematical model was applied to different cases, as shown in Table 1. The
various voltages and currents that were calculated are shown in Figures 6-9, and they
correspond to individual operations of the Gi(t) and G,(t) loads, with and without a
capacitor. As can be appreciated in the aforementioned table, only a parameter was
changed, keeping the rest of parameters fixed. In Case I, only the parameter Ry varied, such
that it took the values Rp; = 8 Q) and R, = 18 Q). For this case, the results for the current
and voltage are shown in Figure 6a,b, respectively. According to the results, a higher energy
consumption was observed in the load G (f), and there was a larger voltage and current
ripple. In Case II, C was varied, taking values C; = 3 uF, and C, = 30 uF. We observed that,
when C increased, the voltage and current ripple diminished (see Figure 7a,b). In Case
III, the duty cycle D changed, while the rest of the parameters were fixed. For this case, it
was observed that the energy consumption increased as the duty cycle increased; hence,
a higher voltage and current ripple were obtained, as shown in Figure 8a,b. Finally, Case
IV corresponds to varying the switching frequency. The relation F;; < F;; was used. For
this case, the amplitude of the ripple of the voltage and current was equal in both loads,
but with different frequencies (Figure 9a,b). Now, we considered the case of two loads
operating simultaneously. The equivalent conductance behavior for both loads Gy (t) and
G (t) is shown in Figure 11. Notice that (24) contained a constant phase in each of the
loads. The voltage V4p, due to the simultaneous operation of two loads, is presented in
Figure 12a. The values of the parameters in Case IV of Table 1 were used in (23). As can be
observed in Figure 12a a phenomenon of beats occurred. The simultaneous operation of
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the loads could generate a ripple that resembled noise in the grid, even with the presence
of an EMI filter, as can be observed in Figure 12b.

4. Experimental Study

In this section, the experimental results of current and voltage ripples are presented,
as well as the standby consumption in a DCHN by an induction stove, and lighting lamps,
respectively. For our analysis, we resorted to Ref. [26], which studied the possibility of
incorporating AC lighting lamps into a DCHN, and analyzed the effects of CFL and LED
lamps in a DC nanogrid. These lamps are associated with emission of harmonics in an AC
grid [27]. The induction stove presents great consumption of energy in standby mode when
it is connected to an AC grid, the current of which was measured as 1.87 A. The current
waveform is shown in Figure 14a.

CH2:Freq = 60.10Hz

(@ (b)
Figure 14. The current waveform of the induction stove in standby mode. (a) At AC. (b) At DCHN.

Almost any induction stove could be incorporated directly into a DCHN without any
modification. In fact, its internal voltage corresponds to DC, which is rectified by switching
supplies from the AC grid.

We observed that the standby state consumption of the induction stove operating in
the DCHN was very small and could be neglected. For this state, the current waveform is
shown in Figure 14b, where the fundamental frequency corresponds to 0 Hz.

The graphs for the voltage and current ripple of the LED and CFL, when working in
the DCHN, are shown in Figure 15a,b, respectively.

(b)
Figure 15. The voltage and current ripple in the DCHN. (a) LED lamp. (b) CFL lamp.

It is usual for there to be simultaneous operation of two or more home appliances in a
DCHN. In this case, we present the data of Figure 16a,b, obtained when the induction stove
was in standby mode while the lighting devices were working. The experimental data in
Table 2 correspond to the voltage and current ripple of the DCHN due to LED and CFL lamps.
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(b)
Figure 16. Attenuated voltage and current ripple in (a) LED lamp, and (b) CFL lamp due to the EMI
filter at induction stove.

Table 2. Experimental data.

Device Current P, — P, Voltage P, — P
C=0
LED lamp 282 mA 139V
CFL lamp 83.1 mA 351 mV
C=40 uF
LED lamp 89.4 mA 113 mV
CFL lamp 424 mA 100 mV

The second case presented in Table 2, for which C = 40 pF, was due to the stand
by mode of the induction stove (which contained the capacitor C). Notice that the filter
capacitor in the induction stove reduced the voltage and current ripple in the DCHN. The
capacitor element is located at the right side of the node AB in the circuit in Figure 5b. This
side already corresponds to the load sector.

The simultaneous operation of one lamp and the induction stove in standby mode
on the DCHN was also measured. We observed an attenuation in the ripple amplitude,
due the capacitor in the induction stove, as shown in Figure 16a,b. It is interesting to note
that the standby consumption of the induction stove, working on an AC system, was 1.8 A,
while if it worked on a DCHN, the consumption was only 42.5 mA.

For each lighting device, we obtained periodical behavior in voltage and current ripple.
For the LED lamp, we obtained an average frequency of 80 KHz (see Figure 15a). From
Figure 15b, it can be observed that the average frequency was 46 KHz in the CFL voltage
and current ripples. For the induction stove in standby mode, we observed a reduction in
the voltage and current ripple due to the presence of the CFL or the LED lamp. The CFL
voltage ripple diminished by 72% from the initial mode without the induction stove. The
diminished CFL current ripple was about 49% of the initial value. The greatest diminishing
was in the LED voltage ripple, which diminished by 91.87%; its final current ripple reduced
t0 68.3% .

5. Discussion

Let us compare the results of the proposed models for the load G(t) with the exper-
imental results. The solution of the circuit in Figure 5b by means of Equation (15) was
worked out for the case of high frequencies. This solution showed the existence of low
voltage and current ripple for lower consumption due to the high capacitance, which could
be appreciated in Case III of Table 1 and related to Figure 16a,b. Notice that the voltage
waveform (in blue) of Figure 13 obtained by the model was similar to the corresponding
experimental results for the CFL presented in Figure 15b.
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On the other hand, it is possible to relate the experimental data to the parameters of
the model. In fact, for the case of the circuit without a capacitor, the peak-to-peak voltage
Vpp can be defined by Equation (12) as:

1
Vipp = Vy( GhRs—l-l)' (25)
whereas the peak-to-peak current I, is given by:
_ GV
=GR T (26)

from which we obtain the amplitude of the conductance Gy, in terms of the V), and I,p:

I
Gy=—" . (27)
Vi —Vyp

This relation allows the model to reproduce the experimental data in an easy way.
Furthermore, Ry and Rs can be expressed in terms of V},, and Ipp:

(51)%2"D(V4 — Vpp)

Ry = il , (28)
v,
R, = I—”” (29)
pr

In order to test our model with the help of Equations (27) and (29), let us consider the
experimental case of the LED lamp, shown in Figure 15a. The input data were V), = 1.39,
Ipp = 282 mA. For the duty cycle, we took D = 0.75 for frequency fs = 79.62 KHz, which
were used in the Equation (15), along with the value of C = 40 puF. The results of the voltage
and current ripple are shown in Figure 17a,b, respectively. The solution of the Equation (15) is
given in the color red, while the initial voltage and current waveform correspond to color blue.

Vag (Vpc)
124

123.8-
123.6 -
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Figure 17. Diminishing of the ripples due to the capacitor. (a) LED voltage ripple. (b) LED current ripple.

In the same way for the CFL from the Figure 15b, we used the following data: f; = 45.62 KHz,
Vpp =351 mV, I, = 83.1 mA and D = 0.45. In Figure 18a,b the numerical solution of (15)
for voltage and current waveform, respectively, are shown. Again, the red line corresponds
to the solution with the capacitor and the solution without the capacitor is in blue. As far as
the LED lamp and the CFL are concerned, the solution we obtained for these reproduced the
initial profile of the voltage and current ripple, keeping the same amplitude, frequency and
duty cycle. In Figure 19a,b we display the theoretical and experimental results for the voltage
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Voltage Vdc

Vag (Vpc)

and current ripples due the LED lamp. As can be appreciated, there was great concordance
between the experimental result and the result provided by the model.
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Figure 18. CFL model. (a) Voltage ripple. (b) Current ripple.
As can be observed, when the capacitor was used, the model predicted diminished
voltage and current ripple.
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Figure 19. Experimental and theoretical data of the LED lamp. (a) Voltage waveform. (b) Current waveform.

Finally, it is interesting to note that the recovery effect in the voltage of the battery [28]
was measured in the lamps of the DCHN, and shown in Figure 15a,b. The recovery effect
emerged in our theoretical results due to the simple conditions for the storage energy
model, since we defined it as an ideal battery which contains an internal resistance. Itis
also worth mentioning that this model, denoted as a function of the different parameters
G(Vpp, Ipp, D, fs, t), does not require information on the features of the internal components
of the devices. However, information such as V), and I, was necessary, which could be
accessed from the experimental data.

6. Conclusions

In this work, we proposed a general model of nonlinear loads that describes the
nonlinear resistance effect of electric devices due to the switching of the SPS inside devices
such as home appliances used in a DCHN. By observing the periodic behavior of the
load R(t), we proposed the periodical behavior of the conductance G(t). Our model can
explain, numerically, the voltage ripple observed in an experimental setup. The model also
allows the voltage ripple phenomenon in the DCHN with the simultaneous operation of
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several home appliances to be understood. Other interesting features of the model are its
simplicity in computational cost, since it is not necessary to have knowledge about the
internal components in the appliances.

Home appliances incorporate an EMI filter into their components which attenuate
noise interference in AC systems. Despite the fundamental frequency in the DCHN being
zero, ripples with high frequencies are emitted into the DCHN, due the operation of lighting
lamps. These high frequencies are equal to the switching frequencies of the SPS, and must
be considered as interharmonics. With our model, we were able to explain the reduction
of amplitude of the voltage ripple by increasing the capacitance in the circuit, which was
corroborated by the experimental results. A higher capacitor value in the energy storage
sector can improve the stability of the DCHN. However, the model is based on an equivalent
circuit for a real nonlinear load, where the parameters G, and n must be adjusted by the
values of D, Ry, and f; used in each SPS. Through the model, we obtained a qualitative
description of the voltage waveform corresponding to two different loads at the stationary
state. With our model, along with (27) and (29), we were able to express the conductance in
terms of V), and I, which facilitated a comparison with the experimental results.

The localization of the capacitor in the load sector makes reducing the size of the
energy storage sector possible. This makes the establishment of technical standards for the
design and operation of the DCHN necessary, as well as an understanding of the behavior
of these grids, in order to reach improved circuits to enlarge the life cycle in each DCHN
sector. In such cases, the model could be useful for the issues aforementioned, since it
explains the profiles of the ripples in voltage and current emitted into the DC nanogrid.
However, the effects of ripples on different sectors of the DCHN remain unknown, but
could be studied, under simple assumptions, by using the model.
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